Flavonoids, natural products abundant in the model legume Glycine max, confer benefits to plants and to animal health. Flavonoids are present in soybean mainly as glycoconjugates. However, the mechanisms of biosynthesis of flavonoid glycosides are largely unknown in G. max. In the present study, 212 putative UDP-glycosyltransferase (UGT) genes were identified in G. max by genome-wide searching. The GmUGT genes were distributed differentially among the 20 chromosomes, and they were expressed in various tissues with distinct expression profiles. We further analyzed the enzymatic activities of 11 GmUGTs that are potentially involved in flavonoid glycosylation, and found that six of them (UGT72X4, UGT72Z3, UGT73C20, UGT88A13, UGT88E19 and UGT92G4) exhibited activity toward flavonol, isoflavone, flavone and flavanol aglycones with different kinetic properties. Among them, UGT72X4, UGT72Z3 and UGT92G4 are flavonol-specific UGTs, and UGT73C20 and UGT88E19 exhibited activity toward both flavonol and isoflavone aglycones. In particular, UGT88A13 exhibited activity toward epicatechin, but not for the flavonol aglycones kaempferol and quercetin. Overexpression of these six GmUGT genes significantly increased the contents of isoflavone and flavonol glucosides in soybean hairy roots. In addition, overexpression of these six GmUGT genes also affected flavonol glycoside contents differently in seedlings and seeds of transgenic Arabidopsis thaliana. We provide valuable information on the identification of all UGT genes in soybean, and candidate GmUGT genes for potential metabolic engineering of flavonoid compounds in both Escherichia coli and plants.
Introduction
Flavonoids are some of the largest classes of secondary metabolites that are widely spread in the plant kingdom with beneficial effects both for plants and for human health. Flavonoids possess various biological functions in plants, and they act as attractants to pollinators and symbionts, protect plants against UV irradiation, and function as allelochemicals and antimicrobial or antiherbivory factors (Aida et al. 2000 , Harborne and Williams 2000 , Guetsky et al. 2005 , Dixon and Pasinetti 2010 , Yonekura-Sakakibara et al. 2014 . Moreover, flavonoids have attracted extensive attention in recent years due to their important physiological functions for human health in healthcare food and medicines Kasum 2002, Zhang et al. 2015) .
As one of the most well-known health-promoting foods, soybean is a rich source of bioactive flavonoids, in particular flavonols and isoflavones that are differentially accumulated in soybean Murphy 1994, Ho et al. 2002) . Flavonols mainly accumulate in leaves and flowers of soybean, and their levels are much higher than those isoflavones that mainly accumulate in seeds and roots (Carrao-Panizzi et al. 1999 , Ho et al. 2002 , Kim et al. 2012 . Flavonols and isoflavones are commonly present in the form of glycoconjugates in soybean; in particular, most isoflavones are in the form of isoflavone-b-glycosides, which account for 73-86% of the total isoflavonoids in soybean (Zhu et al. 2005) . However, the mechanism of glycosylation of flavonols and isoflavones in soybean is largely unknown.
Glycosylation is one of the key modifications in flavonoid biosynthesis, and this modification promotes the solubility, stability and bioactivity of flavonoids for defense and adaptation to environment changes (Vogt and Jones 2000 , Ross et al. 2001 , Jones and Vogt 2001 . Glycosylation is catalyzed by UDP-glycosyltransferase (UGT) of the family 1 glycosyltransferases in plants, which can transfer glycosyl moieties from UDP sugars to a wide range of acceptors including flavonoids (YonekuraSakakibara and Hanada 2011). UGTs are often characterized by a conserved PSPG (plant secondary product glycosyltransferase) box of 44 amino acids (Lim 2005) , which is involved in the recognition and binding of the sugar donor (Hu et al. 2003 , Mulichak et al. 2004 .
So far, a few UGT proteins or their coding genes had been documented to be involved in the biosynthesis of flavonoid glycosides in soybean (Noguchi et al. 2007 , Dhaubhadel et al. 2008 , Kovinich et al. 2010 , Rojas Rodas et al. 2014 , Di et al. 2015 , Funaki et al. 2015 , Rojas Rodas et al. 2016 . Among them, GmIF7GT protein isolated from the roots of soybean seedlings was found to be able to produce 7-O-isoflavone glycosides. The GmIF7GT protein showed the highest activity toward genistein and appreciable activities toward daidzein, quercetin, apigenin and several other flavonoid substrates (Noguchi et al. 2007) . Similarly, the recombinant UGT73F2 protein from soybean also showed activities toward quite a broad range of substrates, including genistein, daidzein and glycitein (Dhaubhadel et al. 2008) . The other four GmUGTs with high similarity to GmIF7GT, namely UGT88E14, UGT88E15, UGT88E16 and UGT88E18, were identified to be isoflavone-specific glycosyltransferases, and their substrates include both genistein and daidzein (Funaki et al. 2015) . However, in comparison with the large genome number, the number of characterized UGT genes is rather small in G. max. In addition, the functional redundancy of UGT genes and complex glycosylation modification of flavonoid make it difficult to characterize all UGT genes functionally in soybean.
In this study, we aim to identify all putative UGT genes involved in flavonoid biosynthesis, and to provide potential candidate GmUGT genes for flavonoid engineering. We also aim to characterize the enzymatic properties of the recombinant UGT proteins to provide a basis for further structure-function analysis and application in plants. Herein, with the latest available genome assembly and annotation database, we identified all 212 UGT genes in the G. max genome and found that they were differentially expressed in various tissues. We further functionally characterized several GmUGT genes that are involved in flavonoid biosynthesis both in vitro and in vivo. Our results demonstrated that these GmUGT genes are responsible for the accumulation of flavonol and/or isoflavone glycosides in different tissues of soybean, which will lead to a more in depth investigation of the function of UGT genes in G. max.
Results

Identification and characteristics of UGT genes in G. max
In order to investigate globally the function of UGT genes in G. max, a BLAST algorithm with 120 UGT genes from Arabidopsis thaliana was used as query to search the latest soybean assembly database (version 2.0, released on November 14, 2015). In total, 212 UGT genes were identified in the G. max genome; their genomic locus, GenBank accession numbers, length and gene annotation are listed in detail in Supplementary Table S1 . Their physical locations were assigned evenly to the 20 chromosomes, but relatively high density was observed on chromosomes 2, 3, 8 and 18 ( Fig. 1; Supplementary Table S1 ). In particular, several GmUGT genes were clustered at a certain location on these chromosomes (Fig. 1) , suggesting a gene duplication event may have occured during evolution, which was proven in the case of GmUGT78K1 in a previous study (Kovinich et al. 2010) .
By taking advantage of the available gene expression database of G. max, the expression profiles of 188 available GmUGT genes were retrieved from the Soybase database (http://www. soybase.org/soyseq/), and the data showed that only 171 of them were expressed in various tissues (Fig. 2) . A hierarchical clustering analysis of their transcript levels indicated that 48, 31, 45, 27 and 20 GmUGT genes were preferentially expressed in roots, nodules, flowers, leaves and seeds, respectively (Fig. 2) , suggesting that they may function in different tissues for the glycosylation process.
Sequence analyses of UGTs from G. max
To investigate GmUGT genes that are potentially involved in the flavonoid pathway, 11 UGT genes were selected for further study. These 11 GmUGT genes showed differential expression profiles ( Fig. 2) and relatively high identities to UGT88, UGT73 and UGT72, family members that were shown to be involved in flavonoid biosynthesis (Dhaubhadel et al. 2008 , Funaki et al. 2015 , Yin et al. 2017 . The genome loci of these GmUGTs were Glyma.03G104500, Glyma.03G104700, Glyma.07G119400, Glyma.07G116500, Glyma.08G107500, Glyma.08G338200, Glyma.08G338100, Glyma.09G127700, Glyma.09G128400, Glyma.14G043600 and Glyma.19G187000. They were successfully cloned and designated as UGT72L7, UGT72L8, UGT72L9, UGT72L10, UGT75L16, UGT72Z3, UGT72X4, UGT88E19, UGT88A13, UGT92G4 and UGT73C20, respectively, with the help of the UGT Nomenclature Committee (Supplementary  Table S2 ). Their open reading frames ranged from 1,398 to 1,527 bp in length, encoding deduced proteins of 465-508 amino acids. All the 11 GmUGT genes selected exhibit no intron, except for UGT72L10 (Supplementary Table S2 ). These results are also consistent with the characteristics of plant UGT genes (Paquette et al. 2003) .
These 11 deduced GmUGTs shared about 27-85% sequence identify at the amino acid level (Supplementary Fig. S1 ; Supplementary Table S3 ). In particular, they shared a relatively high identity within the PSPG box 'W-2x-Q-3x-L-x-H-3x-G-x-F2x-HCGWNS-x-LE-6x-P-4x-P-4x-Q' near their C-terminal ends (Fig. 3A) . The last amino acids in their PSPG box are all glutamine (Q), suggesting that they may use UDP-glucose as the sugar donor, as previously reported for UGT proteins (Kubo et al. 2004) . These deduced GmUGTs shared 55-93% identity with their orthologs from other plant species, in particular a higher similarity with those from the legume plants Lotus japonicus and Pueraria montana var. lobata (Supplementary Table S4 ) (He et al. 2011 , Yin et al. 2017 . In addition, these 11 deduced GmUGTs also showed 30-62% identity with UGT73F2, UGT78K1 and UGT88E3 that were revealed to be active toward isoflavones, flavonols and anthocyanins in soybean (Noguchi et al. 2007 , Dhaubhadel et al. 2008 , Kovinich et al. 2010 .
It is obvious that these 11 GmUGTs were grouped into three (7-OGT, 5-OGT and another multisite UGT branch) of the four different clusters in the unrooted phylogenetic tree based on their in vitro glycosylation positions toward flavonoid substrates (Fig. 3B) . In particular, most of the deduced GmUGTs (eight out of the 11) were clustered into the multisites branch with UGTs that did not have a specific glycosylation position at either 7-OH, 5-OH or 3-OH (Fig. 3B) , and this branch included multisubstrate PmGT04F14 from P. montana var. lobata (He et al. 2011) , epicatechin-specific UGT72L1 from Medicago truncatula (Pang et al. 2008 ) and flavonol-specific FaGT6 from Fig. 3 Sequence alignment of the PSPG motif and phylogenetic analysis of deduced GmUGT proteins in G. max. (A) Multiple sequence alignment of PSPG motifs of 11 deduced GmUGT proteins in the present study. Identical residues are highlighted on a black background and similar residues are highlighted on a gray background. (B) Phylogenetic relationship of UGTs involved in the flavonoid pathway. The tree was constructed as described in the Materials and Methods. Bar = 0.1 amino acid substitutions per site. Protein sequences were aligned with ClustalX2 and a Neighbor-Joining tree was constructed using MEGA4.0 software. The accession numbers for these UGT proteins are as follows: AmF7GAT, BAG31945. strawberry (Griesser et al. 2008 ). UGT92G4 together with UGT73C20 and UGT75L16 were clustered with UGTs that have 7-OH or 5-OH glycosyltransferase activity, suggesting that they may display flavonoid glycosylation activity at the 7-OH or 5-OH position, respectively.
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Substrate specificity and kinetic properties of the recombinant GmUGT proteins
In order to investigate the enzymatic activity of these 11 GmUGTs, they were cloned and expressed in Escherichia coli, and their recombinant proteins were evaluated in enzymatic assays with 11 flavonoid aglycones as sugar acceptors, and UDPglucose and UDP-glucuronic acid initially as sugar donors. This revealed that six of 11 recombinant GmUGT proteins (rUGT72X4, rUGT72Z3, rUGT73C20, rUGT88A13, rUGT88E19 and rUGT92G4) displayed activities toward different flavonoid substrates, with UDP-glucose but not UDP-glucuronic acid as sugar donor (Table 1) . No obvious activity was detected for the other five recombinant GmUGT proteins (rUGT72L7, rUGT72L8, rUGT72L9, rUGT72L10 and rUGT75L16) with any of the tested substrates, whether the sugar donor was UDPglucose or UDP-glucuronic acid.
All the six recombinant UGT proteins displayed activity toward flavonols; in particular, rUGT72X4, rUGT72Z3 and rUGT92G4 exhibited activity only toward flavonol aglycones, including kaempferol, quercetin and myricetin ( Table 1) . rUGT73C20 and rUGT88E19 exhibited activity toward both flavonol aglycones (kaempferol, quercetin and myricetin) and isoflavone aglycones (daidzein and genistein). rUGT88E19 also exhibited activity toward flavone aglycone (apigenin), but not for flavonol and isoflavone algycones. In particular, rUGT88A13 exhibited activity toward two flavonol aglycones (kaempferol and quercetin) and epicatechin ( Table 1) . No activity was detected for any anthocyanidin aglycones (cyanidin, delphinidin and pelargonidin) or luteolin with any of the six recombinant GmUGT proteins ( Table 1) .
The enzymatic products with UDP-glucose as sugar donor were identified by HPLC coupled with UV and electrospray ionization (ESI) mass spectrometry, which revealed that all of these enzymatic products were characterized by the loss of one glucose (162) moiety to yield the corresponding aglycones ( Supplementary Fig. S2 ). The enzymatic products of all six rGmUGTs produced flavonol monoglucoside at different OH groups (3, 5, 7, 3 0 and 4 Table 1 ; Fig. 4D ; Supplementary  Fig. S2D ). The enzymatic products of rUGT73C20 and rUGT92G4 were identified as K5G and M7G with kaempferol and myricetin as substrate, and Q5G and Q4 0 G for rUGT92G and rUGT73C20, respectively (Table 1; Fig Fig. 4K ; Supplementary Fig. S2K ), confirming that the product was epicatechin-3 0 -O-glucoside (Pang et al. 2008) . These results strongly suggested that rGmUGT72X4 together with rUGT72Z3 and rUGT88A13 function on flavonol and epicatechin with a strict regio-specificity at the 3-and 3 0 -OH position, respectively.
In addition, both rUGT73C20 and rUGT88E19 could use the isoflavones genistein and daidzein as substrates to produce 7-Oglucosides (G7G and D7G; Table 1 ; Fig. 4L , M; Supplementary  Fig. S2L , M). Only the recombinant UGT88E19 protein could use the flavone aglycone apigenin to produce apigenin-5-Oglucoside (A5G; Fig. 4N ; Supplementary Fig. S2N ).
The Fg1 gene from soybean encodes a flavonol 3-O-glucoside/ galactoside (1!6) glucosyltransferase that can use both UDPglucose and UDP-galactose as sugar donor (Rojas Rodas et al. 2016) . Therefore, we also tested whether these six recombinant GmUGT proteins could use UDP-galactose as sugar donor toward the same flavonoid substrates as with UDP-glucose. The results revealed that five recombinant GmUGTs showed activity with UDP-galactose as sugar donor, whereas UGT92G4 did not ( Table 1 ; Supplementary Fig. S3 ). Among them, UGT72X4, UGT72Z3 and UGT73C20 with UDP-galactose exhibited activity toward the same flavonols and isoflavone substrates as with UDP-glucose as sugar donor (Supplementary Fig.  S3A -I). In contrast, UGT88A13 showed activity only toward kaempferol and epicatechin ( Supplementary Fig. S3B , J), and UGT88E19 toward quercetin and daidzein, when UDP-galactose was used as sugar donor ( Supplementary Fig. S3E, H ). This result indicated that the six recombinant GmUGT proteins prefer UDP-glucose as sugar donor rather than UDP-galactose, which is the same case for flavonol 3-O-glucoside/galactoside (1!6) glucosyltransferase. In addition, we also tested another five recombinant GmUGT proteins (rUGT72L7, rUGT72L8, rUGT72L9, rUGT72L10 and rUGT75L16) with UDP-galactose as sugar donor for activity toward flavonoid substrates, but no product was detected, indicating that none of them work in the presence of UDP-galactose.
In order to elucidate the enzymatic properties of these six recombinant GmUGT proteins, their enzyme kinetic parameters were further determined with UDP-glucose as substrate and compared with each other. The results revealed that rUGT72X4, rUGT72Z3 and rUGT92G4 with only flavonol aglycones as substrate had different K m values for kaempferol, quercetin and myricetin ( Table 2 ). The K m values for myricetin were 20, 16 and 49 mM for rUGT72X4, rUGT72Z3 and rUGT92G4, respectively, which were the lowest among the three flavonol substrates. Their K cat /K m values were also the highest with myricetin, indicating these three rUGTs are more efficient toward myricetin than toward quercetin or kaempferol ( Table 2 ). In comparison, two GmUGTs showed activity toward genistein and daidzein, with a relatively low K m value with daidzein for rUGT73C20 (K m = 20 mM) and genistein for rUGT88E19 (K m = 330 mM). However, these two rUGTs showed relatively high K cat /K m values for quercetin (5.0 Â 10 2 s -1 M -1 for rUGT73C20 and 3.3 Â 10 2 s -1 M -1 for rUGT88E19), indicating that they are still more efficient toward the flavonol quercetin than toward daidzein or genistein. In addition, rUGT88A13 showed a low K m value but a high K cat /K m value toward epicatechin among its three substrates, indicating that rUGT88A13 is more efficient toward epicatechin than toward kaempferol or quercetin. 
Temporal and spatial expression of GmUGT genes
In order to further characterized the function of the six GmUGT genes that showed in vitro enzymatic activity toward flavonoids, their expression levels in various tissues and developing seeds were also analyzed by quantitative real-time PCR (qRT-PCR) (Fig. 5) . UGT72X4 and UGT72Z3 were highly expressed in roots and seeds, respectively, at a later development stage (70 d after pollination) (Fig. 5A, B) . UGT73C20 showed relatively higher expression levels in leaves and flowers than in other tissues (Fig. 5C) . UGT88A13 was more highly expressed in roots than UGT72X4, and UGT88E19 was more highly expressed in flowers than in the other tissues (Fig. 5D, E) . UGT92G4 appeared to be a seed-specific UGT, which was highly expressed in seeds at different development stages (20, 30, 40 and 60 d after pollination; Fig. 5F ). These differential expression profiles of
GmUGT genes indicated that they are most likely to function in different tissues for glycosylation of various flavonoids.
Overexpression of GmUGT genes in G. max hairy roots
To evaluate the in vivo functions of these six GmUGT genes (UGT72X4, UGT72Z3, UGT73C20, UGT88A13, UGT88E19 and UGT92G4), they were overexpressed in soybean hairy root via Agrobacterium tumefaciens-mediated transformation. At least 10 transgenic hairy root lines for each transgene were obtained and confirmed by PCR analysis (Fig. 6A) . Among them, relatively high transcript levels in three transgenic lines for each transgene were confirmed by qRT-PCR, and these transgenic lines were used for further analyses along with a vector control line (CK; Supplementary Fig. S4 ). 
UGTs
Substrates 
The number refers to the position of O-glucosylation toward flavonoid substrates with UDP-glucose (before the parentheses) or UDP-galactose (in parentheses) as sugar donors. -indicates that the enzymatic product is not detectable for the recombinant protein toward the corresponding substrate.
The flavonoid profiles in transgenic lines and the control were analyzed by HPLC, and this revealed that soybean hairy roots were mainly comprised of daidzein (D), daidzein 7-Oglycoside (D1), two other daidzein derivatives (D2 and D3), a genistein derivative (G1) and flavonol glycosides (F1 and F2) based on their UV spectrum and authentic reference standards (Fig. 6B, upper panel) . In comparison, the flavonoid composition in transgenic hairy roots did not change (Fig. 6B, lower  panel) , but their contents in each line changed to different extent ( Fig. 6C-H) .
The most predominant isoflavonoid D3 in hairy root increased 1.3-to 1.6-fold in all three lines overexpressing UGT88E19 (Fig. 6H) , but increased only in one of the three transgenic lines overexpressing UGT72X4, UGT72Z3 and UGT92G4 (Fig. 6C, D, H) . In addition, the contents of the second predominant isoflavonoid D1 were significantly increased in all three lines overexpressing UGT72Z3, UGT73C20 and UGT88E19 (Fig.  6D, E, G) . Accordingly, the total isoflavonoid contents were increased 1.1-to 1.6-fold in transgenic lines overexpressing UGT72Z3, UGT73C20 and UGT88E19 (Fig. 6D, E, G) . Among them, the contents of the total isoflavonoids were relatively higher in both UGT73C20-and UGT88E19-overexpressing lines, which is consistent with their in vitro activity toward daidzein and genistein (Table 2; Fig. 6E, G) .
In comparison with the vector control line, the contents of the two flavonol glycosides increased about 1.1-to 6.2-fold in all transgenic lines, except for one line overexpressing UGT88A13 (Line OE-2) (Fig. 7A-F) . Furthermore, the total flavonol glucoside content increased remarkably in all the transgenic lines by 1.3-to 6.3-fold, which is consistent with their in vitro activity with flavonol as substrates (Fig. 4) . In particular, the content of flavonol glucosides in transgenic lines overexpressing UGT72X4, UGT73C20 and UGT88E19 were much higher than those of the other three GmUGT genes, which is consistent with their relatively higher affinity toward flavonol substrates in in vitro enzymatic assays ( Fig. 7; Table 2 ). Considered together, the increased levels of the total flavonol glycosides in the transgenic lines indicated that these six GmUGT proteins could transfer sugar to flavonol substrates and accumulate flavonol glycosides in soybean hairy roots.
The total flavonoid levels in the transgenic hairy root lines were also quantified spectrophotometrically to investigate the effects of GmUGT genes on the change of the total flavonoids. It is obvious that the total flavonoid levels increased significantly in all three lines overexpressing the UGT72Z3 gene, but in only one or two lines for the other five transgenes ( Supplementary  Fig. S5 ), suggesting that overexpression of GmUGT may direct the balance of the flux of different flavonoids but not the total flavonoid level.
Ectopic expression of GmUGT genes in Arabidopsis thaliana
In order to evaluate whether these six GmUGT genes also function in other plant species, they were ectopically expressed in A. thaliana driven by the Cauliflower mosaic virus (CaMV) 35 S promoter. Three transgenic lines for each transgene with relatively high transcript levels detected by qRT-PCR were used for further analyses (Supplementary Fig. S6 ).
Flavonoids in seedlings of wild-type A. thaliana are mainly comprised of kaempferol 3-O-rhamnoside-7-O-rhamnoside (K3R7R), kaempferol 3-O-glucoside-7-O-rhamnoside (K3G7R) and kaempferol-3-O-[rhamnosyl(1!2glucoside)]-7-O-rhamnoside (KG3R7R) (Yin et al. 2012 , Yin et al. 2017 . Among these three flavonol glycosides, K3G7R and KG3R7R only increased significantly in transgenic lines overexpressing UGT72X4 and UGT88A13 ( Supplementary Fig.  S7A, D) . However, only K3R7R increased in all transgenic lines overexpressing UGT72X4, UGT88A13 and UGT92G4 ( Supplementary Fig. S7A, D, F) . Accordingly, the total flavonol glycosides in these transgenic lines increased significantly by 1.2-to 1.8-fold ( Supplementary Fig. S7A , D, F). Three major flavonoid compounds were determined in seeds of wild-type A. thaliana, quercetin-3-O-glucoside-7-Orhamnosides (Q3G7R), quercetin-3-O-rhamnoside-7-O-rhamnoside (Q3R7R) and quercetin-3-O-rhamnoside (Q3R). Among them, only Q3R increased significantly by 1.5-fold in all transgenic lines, with the exception of lines overexpressing UGT88E19 ( Supplementary Fig. S8A-F) . Instead, the contents of both Q3R7R and Q3G7R decreased in the corresponding lines ( Supplementary Fig. S8A-F) , which compensated for the increase of Q3R to balance the total flavonol glycoside levels in seeds of these transgenic lines.
Since the recombinant UGT88A13 protein also exhibited activity toward epicatechin, the major component of proanthocyanidins in seeds of A. thaliana, we also analyzed the proanthocyanidin level in transgenic lines overexpressing UGT88A13 (Supplementary Fig. S9 ). This revealed that soluble proanthocyanidin contents increased by 9-60% compared with that of the wild-type control ( Supplementary Fig. S9A, B) , suggesting that UGT88A13 affects epicatechin polymerization for soluble proanthocyandin accumulation, which is also consistent with its in vitro activity toward epicatechin as substrate. However, insoluble proanthocyanidin levels decrease by 12-43% ( Supplementary Fig. S9C ), which may result from the increase of soluble proanthocyanidins without the change of epicatechin content.
Modeling and docking of UGT88A13 protein
To explore the potential molecular basis for the enzymatic activity of UGT88A13, it was subjected to analysis of interactions between amino acid residues and substrates (kaempferol and epicatechin)/UDP-glucose. This analysis revealed that seven amino acids (Thr55, Asn259, Ser284, Trp354, Gln357, Asn376 and Ser377) were predicted to interact with the sugar donor UDP-glucose in UGT88A13 (Fig. 8A, B) . In addition, the ligandbinding sites for the substrate kaempferol were predicted to be Thr140, Thr141, His372, Asn376, Tyr394 and Glu396 (Fig. 8C) , while those for epicatechin were Thr140, Thr141, His372 and Asn376 (Fig. 8D) . In addition, the ligand-binding sites for substrates were predicted to be in the central cleft formed by the N-and C-terminal domains (Fig. 8) . The cleft seems big enough to hold both kaempferol that is flat, and epicatechin that is not flat, as a chiral molecule, which might be the reason that the UGT88A13 protein exhibits activity toward both kaempferol and epicatechin.
Discussion
Although several genes involved in the general flavonoid biosynthetic pathway have been characterized in soybean, a large number of UGT genes for the final glycosylation steps in flavonoid biosynthesis, however, remain to be fully characterized.
In this study, we attempt to identify all putative UGT genes in the newly updated soybean genome assembly database for potential functional characterization. In addition, we also attempt to provide a basis for structure-function analyses and potential metabolic engineering of UGT genes in plants.
Identification of UGT genes in G. max
In total, we identified 212 putative UGT genes in the G. max genome (Fig. 1) , which is slightly lower than the 242 that were previously predicted with the old version of the genome assembly database (Yonekura-Sakakibara and Hanada 2011). Still, the number was close to 187, 188 and 125 from the other model legumes M. truncatula, L. japonicus and Cicer arietinum. In addition, the number of UGT genes constituted about 0.46% of the total predicted number of genes in G. max, which is significant for the UGT family as in the other model legume plants (Sharma et al. 2014 , Yin et al. 2017 . Gene expression analyses revealed that GmUGT genes with available expression information were expressed differentially in various tissues and seed development stages (Fig. 2) . These expression data could be explored to identify further tissuespecific UGT genes in functional genome studies on GmUGT genes. With this as one of the criteria, we selected 11 GmUGT genes that were preferentially expressed in seeds, flowers, leaves and roots for further study.
In vitro activities of the recombinant GmUGT proteins
In vitro enzymatic assays validated that only six rGmUGT proteins showed activity toward various flavonoid substrates ( Table 1) . Among them, rUGT72X4, rUGT72Z3 and rUGT92G4 showed strict substrate specificity, and they exhibited specific activity toward flavonol aglycones (quercetin, kaempferol and myricetin) ( Table 1) . These three rGmUGTs were also more efficient toward myricetin than towards quercetin and kaempferol, with lower K m and higher K cat /K m values for myricetin, and they may be functionally redundant genes for flavonol glycosylation. In particular, rUGT72X4 and rUGT72Z3 proteins also showed strict regio-specificity and their products are primarily 3-O-glucosides, which is the same as rUGT88A13 protein with 3 0 -O-glucosides as enzymatic products (Table 1 ;  Fig. 4) . From the point of view of regio-specificity, these three rGmUGT proteins are similar to several rUGT88 proteins from soybean that produced solely 7-O-glucosides toward isoflavones (Funaki et al. 2015) .
In contrast, rUGT73C20 and rUGT88E19 also exhibited relatively broad activity toward flavonol, isoflavone, flavones and flavanol aglycones ( Table 1) . rUGTs with similar broad substrate profiles were also found in soybean and other legume species, including rUGT73F2 from soybean, rUGT72V3 from L. japonicus and rGT04F14 from P. montana var. lobata with flavonol (quercetin), isoflavone (daidzein and genistein) and flavones (apigenin) as substrates (Dhaubhadel et al. 2008 , He et al. 2011 , Yin et al. 2017 ). These results indicated that UGTs with relative broad flavonoid substrate profiles were very common in legume plant species.
Interestingly, rUGT88A13 also exhibited activity towards epicatechin, but not for flavonol aglycones (kaempferol and quercetin), and it also possesses the highest affinity toward epicatechin (with low K m and high K cat /K m values) as compared with kaempferol and quercetin. In comparison with the first documented epicatechin-specific UGT72L1 (Pang et al. 2008 ), rUGT88A13 possess a higher K m and lower K cat /K m values, suggesting it was not as specific as UGT72L1 with epicatechin as substrate. On the other hand, rUGT88A13 is a member of the UGT88 family but not the UGT72 family like UGT72L1, indicating that other UGT family members also exhibit activity toward epicatechin, except for the UGT72 family member. However, rUGT88A13 was not clustered with UGT72L1 but with FaGT6 in the phylogenetic tree, while FaGT6 was identified as a flavonol-specific glycosyltransferase (Griesser et al. 2008) . In addition, although the last amino acid residues in the PSPB box of these GmUGTs are glutamine, and they are therefore predicted to use UDP-glucose as the sugar donor (Kubo et al. 2004) , nevertheless five of them could still use UDP-galactose as sugar donor. Therefore, the substrate and sugar donor specificity of UGT could not be predicted only by sequence analysis (Modolo et al. 2007 ). Instead, prediction of the three-dimensional structures by crystal modeling and molecular docking of rUGT88A13 (Fig. 8) somehow explained the reason why rUGT88A13 can utilize both kaempferol and epicatechin as substrates. In docking analysis, Tyr394 and Glu396 were predicted to interact with kaempferol but not epicatechin, and they might be the key sites to distinguish these two substrates. However, these two amino acid residue was also present in UGT88E19 and UGT72L10 and other rUGT proteins from L. japonicus and M. truncatula (Modolo et al. 2007 , Yin et al. 2017 , but none of these UGTs has activity toward epicatehin. Therefore, although the discovery of the key sites by the modeled structure of GmUGTs was potentially a feasible way to analyze the substrate specificity, it still needs further validation.
In vivo function of GmUGT genes and their potential application
The in vivo functions of GmUGT genes were characterized in both soybean hairy roots and A. thaliana. In soybean hairy roots, the accumulation of total isoflavones was remarkably increased in transgenic lines overexpressing UGT73C20 and UGT88E19, which is perfectly consistent with their in vitro activities (Table 1) . Similarly, the contents of flavonol glycosides also increased significantly in transgenic lines when these GmUGT genes were overexpressed in the hairy roots. Our results strongly suggested that hairy roots are a suitable system for the functional characterization of GmUGT genes, which could also be used to test the in vivo function of other GmUGT genes that exhibit in vitro activity (Noguchi et al. 2007 , Dhaubhadel et al. 2008 , Rojas Rodas et al. 2014 , Di et al. 2015 , Funaki et al. 2015 . Arabidopsis thaliana is rich in flavonol and epicatechin, which is suitable to test the in vivo function of GmUGT genes with the corresponding flavonoid aglycones as substrate. However, the performance of each individual GmUGT gene was not the same when overexpressed in A. thaliana ( Supplementary Figs. S7-S9) , and the majority of them did not significantly increase the total flavonol glycoside content. In contrast, the overexpression of UGT genes from L. japonicus did show increased flavonol glucoside levels (Yin et al. 2017) . These phenomena may be explained by the similar flavonol profiles between L. japonicus and A. thaliana, but distinct flavonol profiles between G. max and A. thaliana. However, the complete functional characterization of GmUGT may be achieved if combined with loss-of-function or knock-down approaches in G. max itself, although it is a big challenge for functional genomes in G. max. Nevertheless, our findings on GmUGT characteristics provide a feasible approach and reference for functional characterization of the remaining unknown GmUGT genes in the near future.
Materials and Methods
Plant materials and chemicals
Glycine max (Williams 82) plants were grown in an illumination incubator under controlled conditions (16 h/8 h day/night cycle at 25 C/22 C, respectively, with a relative humidity of 40%). Arabidopsis thaliana plants were grown in an illumination incubator under controlled conditions (16 h/8 h day/ night cycle at 22 C, with a relative humidity of 40%). Roots, stems, leaves, flowers and developing seeds (from 10 to 70 d after pollination) of G. max were collected, frozen in liquid nitrogen and then stored at -80 C until use. The substrates tested in the present study were purchased from TongTian Limited company and Indofine. UDP-glucose, UDP-glucuronic acid and UDP-galactose were purchased from Sigma-Aldrich. All others chemicals used in this study were of analytical or HPLC grade.
Sequence analyses
A multiple alignment of the deduced amino acid sequences of the GmUGT genes was carried out by using DNAMAN. Predicted amino acid sequences of GmUGTs were used for phylogenetic analysis. A Neighbor-Joining tree was constructed from the result of 1,000 bootstrap replicates using the Clustal X2 program (Jeanmougin et al. 1998 ). The phylogenetic tree was constructed using MEGA4 software (Tamura et al. 2007 ). The expression profiles of 188 GmUGT genes were obtained from the Soybase database deposited at http://www.soybase.org/ soyseq/. The homology model of UGT88A13 was built using the crystal structure of UGT72B1 [Protein Data Bank (PDB) code: 2vg8] as template, with the SWISS-MODEL server at http://swissmodel. expasy.org (Biasini et al. 2014) . UDP-glucose bound in GTB (PDB code: 5c4d) was taken as the sugar donor, and it was docked into the built model of UGT88A13, using the Patchdock server at http://bioinfo3d.cs.tau.ac.il/PatchDock/ (Schneidman- Duhovny et al. 2005 ). The models were visualized with the Pymol molecular graphics system at http://www. pymol.org.
Expression and purification of the recombinant GmUGT proteins in Esherichia coli
Primers of the 11 candidate GmUGT genes were designed according to the released genome sequencing database (http:// plantgrn.noble.org/LegumeIP/). Primer sequences for gene cloning are listed in Supplementary Table S5 . The cDNA prepared from leaves or roots of soybean was used for gene amplification. The corresponding PCR products were purified and digested with the corresponding restriction enzymes, and then ligated to a pMAL-c2X vector (New England BioLab Inc.) digested with the same restriction enzymes. The resulting pMALc2X-GmUGT vectors were sequenced and transformed into E. coli strain Novablue competent cells. An aliquot of 0.3 mM isopropyl-b-D-thiogalactopyranoside (IPTG) was used to induce recombinant protein expression when the optical density value of the cell culture (grown at 37 C) reached 0.5. After 24 h incubation at 16 C with a shaking speed of 100 r.p.m., the cells were harvested by centrifugation at 4 C and then stored at -80 C until purification. The maltose-binding protein (MBP) fusion proteins were affinity-purified using the maltose-binding resin according to the pMAL protein fusion and purification system (New England BioLab Inc.). In brief, the cell pellets were re-suspended in column buffer [20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), pH 7.4] and sonicated three times on ice. The crude protein extracts were loaded onto the column packed with MBP-binding resin to bind MBP fusion proteins. The MBP fusion proteins were all eluted with elution buffer containing maltose. The recombinant fusion GmUGT proteins were detected on SDS-PAGE, visualized by staining with Coomassie brilliant blue, and further quantified with bovine serum albumin as standard.
Enzymatic assay and product identification
The recombinant GmUGT proteins (10 mg) were incubated at 30 C with 1 mM DTT, 100 mM Tris-HCl (pH 7.5), 0.5 mM substrates and 4 mM UDP-glucose/UDP-galactose/UDP-glucuronic acid, in a final volume of 50 ml. Reactions were stopped by the addition of an equal volume of methanol after 30 min, followed by analysis by HPLC after centrifugation at 14,000 r.p.m. for 10 min.
For kinetic analysis, purified GmUGT enzymes (10 mg) were added to reaction mixtures containing 1 mM DTT, 50 mM TrisHCl (pH 7.0) and 4 mM UDP-glucose in a final volume of 50 ml. The concentration of the tested flavonoid substrates ranged from 0 to 400 mM (0, 10, 50, 200 and 400 mM). Reactions were stopped with addition of an equal volume of methanol after 30 min incubation at 30 C. Samples were centrifuged at 14,000 r.p.m. for 10 min, and further analyzed by HPLC. The kinetic parameters K m and V max were calculated by using the software Hyper 32.
The enzymatic products were separated on HPLC with a linear (A : B) elution gradient from 95% solvent A (0.1% formic acid, v/v) to 70% solvent B (100% CH 3 CN) over a 30 min period with a flow rate of 1 ml min -1 . Reaction products were monitored at 254 nm for flavonols (quercetin, kaempferol and myricetin) and isoflavones (daidzein and genistein), and at 280 nm for epicatechin, a on diode array detector.
Ultra-high performance liquid chromatography-tandem mass apectrometry (UPLC-MS/MS) was used to confirm the structures of the enzymatic reaction products. Analyses were performed using ACQUITY UPLC (UPLC I-class, Waters); an ACQUITY UPLC HSS C18 column (1.7 mm, 100 Â 2.1 mm i.d.; Waters) was used at a flow rate of 0.4 ml min -1 and operated at 35 C. The mobile phase consisted of water/formic acid (0.1%, v/v; eluent A) and acetonitrile (eluent B). A 1 ml sample was injected and the elution program was 0 min, 95% A; 6 min, 55% A; 7 min, 10% A; and equilibrated with 95% A (7.1-10 min). For the ESI-MS/MS, analysis was performed using a Xevo TQ-MS spectrometer (Waters). The compounds were acquired in negative-ion (NI) mode. The detection conditions were as follows: desolvation temperature: 400 C; desolvation gas (N 2 ) rate, 800 l h -1 ; cone gas flow, 50 l h -1 ; cone voltage and capillary voltage were 30 V and 3 kV, respectively, for positive ion (PI), and -60 V and 2 kV, respectively for NI. The MS spectrum was recorded at m/z 100-1,000, and analytical software (MassLynx, version 4.1) was used for the system control and data processing.
Overexpression of GmUGT genes in hairy roots of soybean and A. thaliana
The open reading frame regions of the six GmUGT genes driven by the 35 S CaMV promoter were cloned to the binary vector pCXSN for gene overexpression in hairy roots of soybean and A. thaliana. The resulting sequenced pCXSN-GmUGT constructs were transformed into Agrobacterium strains ARqual 1 and GV3101, and they were used to generate hairy roots of soybean (ARqual 1) and transgenic A. thaliana plants (GV3101) by hypocotyl infection (Lozovaya et al. 2007 ) and the inflorescence dip method (Clough and Bent 1998) , respectively.
The hairy roots of soybean were maintained on B5 agar medium supplied with 10 mg l -1 hygromycin and antibiotics (250 mg l -1 timentin and 250 mg l -1 carbenicillin) under the above controlled conditions. The transgenic A. thaliana plants were screened on Murashige and Skoog (MS) medium supplied with the above antibiotics. The seedlings and seeds of T 3 generation A. thaliana plants were collected for flavonoid analyses.
RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from roots, stems, leaves, flowers and developing seeds of soybean by using an RNAprep Pure Plant Kit (Tiangen Biotech Co.). Subsequently, RNAs were treated with DNase I (TAKARA) to remove any DNA contamination. Reverse transcription was carried out using 1 mg of RNA with Moloney murine leukemia virus reverse transcriptase (Thermo Fisher Scientific Inc.). Total RNAs were extracted from soybean hairy roots and leaves of transgenic A. thaliana by using TRNzol-A + reagent (Tiangen Biotech Co.), cleared with gDNase and reverse transcribed with the FastQuant RT kit (Tiangen Biotech Co.).
SYBR Green reagent (Kapa Biosystems, Inc.) was used for all qRT-PCRs, and GmSUB-3 and AtPP2A genes were used as housekeeping genes for soybean and A. thaliana, respectively. Primer sequences used for qRT-PCR are listed in Supplementary  Table S5 . The qRT-PCR conditions were 94 C for 10 min; 40 cycles of 94 C for 20 s, 60 C for 20 s and 72 C for 20 s; followed by a final extension of 72 C for 10 min. qRT-PCR programs were carried out on QTOWER 2.2 of Analytik Jena. Data were calculated from three biological replicates, and each biological replicate was examined in triplicate.
Analysis of flavonoid metabolites
Soybean hairy root lines with relatively high expression levels were selected and flavonoids were extracted for analysis. Leaves of 3-week-old and mature seeds from transgenic and wild-type control A. thaliana plants were all collected for flavonoid analysis.
The extraction of flavonol metabolites was performed essentially as described previously with minor modifications (Yin et al. 2014) . Briefly, 10 mg DW of the ground hairy roots of soybean and A. thaliana leaves was extracted with 1 or 500 ml of 80% methanol by sonication, and the samples were centrifugated at 14,000 r.p.m. for 10 min. Then one-third volume of distilled water was added to the supernatant, and the sample was centrifugated at 14,000 r.p.m. for 10 min to separate Chl. The resulting extract was filtered with a membrane (20 mm), and 20 ml of the final extract was analyzed by HPLC with the above-mentioned method. Proanthocyanidin extraction and analyses were essentially as described previously (Pang et al. 2007 ).
Supplementary data
Supplementary data are available at PCP online. 
